With data from 12 coupled models in the 4th Assessment Report of the Intergovernmental Panel on Climate Change (IPCC-AR4), climate under year 2000 greenhouse gas (GHG) + aerosol forcing was compared with climate under pre-industrial conditions. In the tropical Pacific, the warming in the mean sea surface temperatures (SST) was found to have an El Niño-like pattern, while both the equatorial zonal overturning circulation and the meridional overturning circulation weakened under increased GHG forcing.
the equivalent sample size (i.e. degrees of freedom) was estimated from the auto-correlation function (von Storch and Zwiers, 1999, p. 115) .
Prior to calculating the composite maps for El Niño and La Niña episodes, a three-month running mean was applied after the climatological seasonal cycle and linear trend were removed in each period. We examined the composite maps of SST anomalies for El Niño and La Niña episodes during each period (Fig. 2). El Niño and La Niña episodes were defined based on the Niño-3.4 index (i.e. the averaged SST anomalies over the region 5
• S-5 (Figs. 2c) . During La Niña, a westward shift of negative SST anomalies is evident in the latter period, i.e. the shift during La Niña is in opposite direction compared to that during El Niño (Figs. 2b and d) . These shifts obviously enhanced the El Niño-La Niña asymmetry and nonlinearity in the latter period. To derive an index for the asymmetry, the SST composite ( Fig. 2) for El Niño and that for La Niña were added together at each grid point, then the root-mean-square (RMS) deviation (averaged over the tropical Pacific) is a measure of the asymmetry, with a zero value indicating the La Niña pattern to be completely symmetrical to the El Niño pattern. The RMS deviation was 0.11
• C for the period and 0.19 • C for 1950-1999 , confirming the enhanced asymmetry in the latter period. This change in the asymmetry has a longer time scale (50 years) compared to the decadal change in ENSO asymmetry found after the late 1970s (Ye and Hsieh, 2006; Wu and Hsieh, 2003; An, 2004) . To find a possible cause for this longer time scale change in ENSO, we will examine the effects of GHG forcing in the following sections.
Model data
Model data from the IPCC-AR4 database were downloaded from the archive hosted by the Program for Climate Model Diagnosis and Intercomparison (PCMDI). The 12 CGCMs used here are the CCCMA-CGCM3-1, CNRM-CM3, CSIRO-MK3-0, GFDL-CM2-0, GISS-MODEL-E-R, IAP-FGOALS1-0-G, INMCM3-0, IPSL-CM4, MIROC3-2-MEDRES, MIUB-ECHO-G, MRI-CGCM2-3-2A and UKMO-HADCM3. The documentation for the models is available on the website http://www-pcmdi.llnl.gov/ipcc/model_documentation/ ipcc_model_documentation.php. We consider the pre-industrial control runs (PIcntrl) and the Commit runs (Commit). PIcntrl is the pre-industrial climate simulation with GHG-induced forcing fixed at the level of year 1850, whereas Commit simulates committed climate change using the forcing (GHG + aerosols) at year 2000 levels. For each simulation run, 100 years of data were taken from each of the 12 models.
For all models, the tropical Pacific SST and zonal wind stress (WS) were analyzed. The zonal current in 2 • S-2 • N and the meridional current in 30
• S-30
• N from the sea surface to 450 m depth were also analyzed.
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The meridional currents averaged over 100 m to 300 m depth were used to detect the meridional overturning circulation in the region 30
• N in the Pacific. The temperature and vertical velocity in the equatorial Pacific region (5 • S-5
• N, 0-50m) were also used in the diagnostic analysis.
For each model, the monthly mean SST, WS, ocean upper level velocities were interpolated onto a 5
• longitude by 4
• latitude regular grid (identical to that used in the GISS-ER model) using bi-linear interpolation. Anomalies were computed with respect to the mean seasonal cycle in each specific model simulation.
4 Climate change simulated The difference between the means of the two experiments also showed a positive zonal WS pattern in the western tropical Pacific (Fig. 3e) , which also resembles the zonal WS anomaly pattern found during El Niño (shown later). The enhanced GHG forcing decreased the mean easterlies (Fig. 3d ) along the western equatorial Pacific (Fig. 3e ). This agrees with the finding that the Walker circulation has been slowing down in the tropical atmosphere since the mid-19th century (Vecchi et al, 2006) , as the trade wind blowing across the tropical Pacific from east to west is associated with the bottom branch of the zonal Walker circulation. The mechanism for enhanced GHG forcing to weaken the Walker circulation is as follows: Using a one-dimensional radiative convective model, Betts and Ridgway (1989) and Betts (1998) found that the rate of moisture increase in the boundary layer, under the assumption of constant relative humidity, outpaced the rate of increase in evaporation, thereby decreasing the convective mass circulation in the Tropics. Held and Soden (2006) and Vecchi and Soden (1997) proposed that the weakening of the atmospheric overturning circulation in response to enhanced GHG forcing could be explained by the differential response of global-mean precipitation and atmospheric humidity to a warming climate. Fig. 3e also showed a strengthening of the easterlies south of 10 • S. The inter-model variability of the zonal WS change ( Fig. 3f) revealed that the models were most consistent with each other along the equatorial belt.
In the vertical section along the equator showing the zonal current, the equatorial undercurrent along the thermocline is seen in the subsurface layer ( 
Changes in the ENSO SST and zonal WS
The data from GISS-ER and IAP-FGOALS-g1.0 are excluded in the analysis from now on due to no ENSO variability in the GISS-ER model (Guilyardi, 2006) In both the El Niño and La Niña composites (Fig. 7) , the subsurface meridional currents averaged between 100 -300 m depth clearly showed the interior path (McCreary and Lu, 1994, Liu, 1994) 
Diagnostic analysis of the surface temperature equation
The ocean surface temperature equation can be written as
where T, u, v, w are, respectively, anomalies of the SST, zonal, meridional and vertical ocean velocities with respect to the climatological mean variables (indicated by the overbar), and "residuals" include surface heat flux anomalies, SST diffusion, subgrid-scale effects, etc. (An and Jin, 2004) . The first bracketed term on the right hand side of (1) represents the linear dynamic heating (LDH) in the surface ocean, and the second bracketed term, the nonlinear dynamic heating (NDH). 
